Background: Methamphetamine (MA) abuse causes damage to structures within the human cerebrum, with particular susceptibility to white matter (WM). Abnormalities have been reported in anterior regions with less evidence of changes in posterior regions. Methamphetamine abusers have also shown deficits on attention tests that measure response conflict and cognitive control.
I
n the past decade the use of the stimulant methamphetamine (MA) has increased in the general population, with worldwide abuse of amphetamines surpassing that of cocaine and opiates combined (1) . It is now estimated that approximately 5% of the adult population in the United States have used MA on at least one occasion, with worldwide use estimated to be 33 million users (2, 3) . Human imaging studies of chronic MA abusers have shown metabolic and neurochemical changes consistent with damage in both gray (GM) and white matter (WM) tissue within the cerebral cerebrum (4 -11) . Studies of MA exposure using animal models have suggested that chronic exposure might destroy axonal arbors of dopamine neurons with sparing of the cell bodies themselves (12, 13) . Compared with the rich body of published animal studies on WM damage after MA exposure, only a small number of studies in humans have been published (4, 5, 11, 14) . Although WM tracts within the corpus callosum have been shown to be significantly influenced by cortical damage (15) , substance abuse (16 -18) , and aging (18 -20) , to the best of our knowledge there has only been one previously published diffusion tensor imaging (DTI) study in human MA abusers that examined changes to WM microstructure (5) .
Diffusion tensor imaging has emerged as a promising imaging technique to examine WM abnormalities in both clinical (17, (21) (22) (23) and non-clinical populations (18 -20,22,24) . Diffusion tensor imaging measures the pattern of WM microstructure in neural regions by examining the restricted flow directions of water molecules in axonal pathways and WM substrates (25, 26) . Restricted diffusion within WM has a preferential orientation and can be measured within a voxel as fractional anisotropy (FA). Diffusivity can also be measured independent of orientation within a voxel and expressed as apparent diffusion coefficient (ADC). Information derived from the DTI measures can then be correlated with cognitive measures in order to predict the relationship between changes in WM microstructure and behavior (19, (27) (28) (29) (30) (31) (32) .
Study Rationale and Hypotheses
The goal of the present study was to examine in currently abstinent MA abusers the relationship between behavioral regulation (i.e., cognitive control) and WM microstructure within callosal regions as measured by DTI. Cognitive control can be defined as the ability to flexibly adapt behavior to current demands, by promoting task-relevant information and behaviors over temporally extended periods and in the face of interference or competition (33) . On the basis of our previous findings (34), we hypothesized that MA abusers would display performance deficits on the Stroop attention test, a sensitive task that requires subjects to inhibit a prepotent but task-irrelevant response (i.e., word reading) in order to successfully perform the task (35, 36) . On the basis of our published magnetic resonance spectroscopy findings of abnormal metabolite levels in anterior GM brain regions (8, 9, 37) as well as findings of below-normal glucose metabolic rate in the infragenual region of the anterior cingulate cortex (ACC) measured via positron emission tomography (PET) (7), we anticipated that performance on the Stroop task would correlate with DTI indices in anterior but not posterior regions of the corpus callosum. The hypotheses related to the genu were further influenced by reports of WM abnormalities in anterior brain regions of MA abusers (4 -6,14) and findings of widespread WM hypertrophy after MA abuse (11) .
Methods and Materials

Participants
Two groups were studied: 37 MA abusers and 17 age-matched non-substance-abusing control subjects. The MA abusers were recruited from substance abuse treatment centers and residential housing programs in the Sacramento area and met DSM-IV criteria for lifetime MA dependence determined from the Structured Clinical Interview (SCID) (38) . Random urine screens were performed at the referring sites to verify drug abstinence, and none of the screens yielded positive results. For the MA abusers, inclusion criteria were: 1) lifetime diagnosis of MA dependence; and 2) age range between 18 and 55 years.
The control subjects were recruited from the local community and met the same criteria as the patients, except for the history of MA dependence. Exclusion criteria for both groups were: 1) substance dependence other than MA (except nicotine) within the past year; 2) alcohol abuse within the past 5 years; 3) treatment for non-drug-related DSM-IV Axis I psychiatric disorders; 4) medical or neurological illness or trauma that would affect the central nervous system (e.g., stroke or seizure disorder); 5) reported history of a seropositive test for HIV; 6) severe hepatic, endocrine, renal disease, or history of loss of consciousness of over 30 min; 7) clear neurological sequelae of head trauma; and 8) metal implantation that would preclude magnetic resonance imaging (MRI) procedure. On average the control subjects and MA abusers did not differ in age [F (1, 52) Table 1 . All subjects signed informed consent approved by the University of California, Davis Institutional Review Board and were paid a modest stipend for their participation in the study.
Stroop Attention Test
Apparatus. Stimuli were presented on a 14-inch VGA color monitor. An IBM-compatible computer controlled stimuli presentation and data collection. Voice responses were recorded via a voice-operated relay interfaced to the computer. Response timing was set to 1-msec resolution.
Stimuli. Four colors were employed in this experiment: red, green, blue, and yellow. The incongruent stimuli were created by printing each of the four color names in the three other inkcolors. The congruent stimuli were created by printing each of the four color names in its own ink-color. The neutral stimuli consisted of strings of XXXXs of variable length printed in one of the four ink-colors. Each letter within the stimulus words was upper case and subtended 1 degree of visual angle vertically. There were two blocks of trials, each one composed of 162 stimuli (a subset of the participants also participated in a published magnetic resonance spectroscopy study [37] ).
Procedure. Subjects were instructed to name aloud the color of ink that the words were printed in while ignoring the word itself. They were given instructions to respond as quickly as possible without making too many errors. Each trial began with a fixation point of 500 msec followed by the stimulus at the center of the screen. The onset of the subject's voice triggered the voice-operated relay switch (recorded to the nearest millisecond) and terminated the stimulus display on the screen. The fixed time interval between the subjects' response and the next trial was 494 msec. Any response stimulus interval that exceeded 494 msec was excluded from the analysis. These excluded trials accounted for Ͻ 1% of the trials and did not differ between groups.
Image Acquisition. Structural whole brain MRI scans were acquired with a neuro-optimized 1.5-T GE Signa NV/i MRI system (GE Medical Systems, Waukesha, Wisconsin) having a gradient specification of 40 mT/m peak strength and 150 mT/ m/ms peak slew rate and running version LX 84M4 operating system software.
SAGITTAL SCOUT SEQUENCE. The midsagittal slice from a sagittal fast spin echo (FSE) sequence (repetition time [TR] ϭ 2500 msec, echo time [TE] ϭ 85 msec, slice thickness ϭ 3 mm, spacing ϭ 1.5 mm, number of excitations [NEX] ϭ 1, time Ͻ 2 min) was used to compute axial slice positions on the basis of the identification of the AC-PC line.
AXIAL FSE DUAL-ECHO SEQUENCE. Nineteen oblique slices (fieldof-view ϭ 24 cm, 256 ϫ 256 matrix, TR ϭ 3500 msec, TE ϭ 17 msec/115 msec, echo train length ϭ 20, slice thickness ϭ 5 mm, spacing ϭ 0 mm, NEX ϭ 2) were acquired parallel to the AC-PC line for Proton Density (PD)/T2 image contrasts.
DIFFUSION-WEIGHTED SEQUENCE. Diffusion-weighted spin-echo echo planar imaging sequence with b ϭ 0 and 900 sec/mm 2 , TE ϭ 90.3 msec, TR ϭ 8000 msec (two images of b ϭ 0, and four images for each of the six gradient direction) field-of-view ϭ 24 cm, freq. encode ϭ 128, phase encode ϭ 128, slice thickness ϭ 5 mm, spacing ϭ 0 mm, scan time ϭ 3 min 29 sec was acquired. Diffusion was measured in six non-collinear directions (x, y, z) ϭ (1, 1, 0), (1, Ϫ1, 0), (1, 0, 1), (1, 0, Ϫ1), (0, 1, 1), (0, 1, Ϫ1) as well as a non-diffusion-weighted acquisition (b ϭ 0) (40) . Due to the presence of geometric image distortion, DTI quantification was always preceded by a distortion correction scheme based on the Haselgrove technique (41). In the technique we used, a reference image was produced by taking the simple average over all of the diffusion-weighted images at each slice location (42) . The average image had low-intensity cerebral spinal fluid (CSF) that was similar in intensity to the CSF of the individual diffusionweighted images. In the average image, the edge of the brain was less sharply defined compared with that in the b ϭ 0 image or the Flair echo planar imaging image (43) . However, this deficiency, when the image was used as a reference, was not significant in that the estimation of shear, magnification, and translation parameters produced registration of all diffusion-weighted images within one pixel width. To produce this accurate registration, the process of forming the average image and then estimating shear, magnification, and translation factors for each of the individual diffusion-weighted images to match the average image was performed twice (i.e., two iterations). This comparable performance using the average image as reference has been validated by the developers (42) .
Regions of Interest.
Regions of interest (ROIs) for both the genu and splenium of the corpus callosum were defined on the oblique anterior and posterior commissure axial slice of the PD and T2 image sets (see Figure 1 ). To avoid a bias in placement the DTI images were not used to identify the ROIs. Similar to the method of Foong et al (44) , the borders of the genu and splenium were traced manually by two experienced investigators on the 5 mm slice in which the structures showed maximal thickness. The raters (TEN, RS) were blind to the diagnosis of the study subjects and interclass correlation coefficients for FA inter-rater reliability were .986 and .967 for the genu and splenium respectively.
Data Analysis
Diffusion Anisotropy. After geometric distortion correction, ADC maps derived from images from each of the six gradient directions were calculated offline with a C-language program called Tensorcalc (45) . At each voxel, the values from the ADC maps were then used to derive a symmetric 3 ϫ 3 diffusion tensor matrix for the voxel. An eigensystem decomposition of the diffusion tensor matrix provided three eigenvalues ( 1, 2 , and 3 ) and their corresponding eigenvectors. The eigenvalue 1 represents the diffusion along the direction of the axonal fiber, whereas the other two eigenvalues ( 2 and 3 ) represent diffusion perpendicular to the tract axis. The T was calculated with the following formula T ϭ ( 2 ϩ 3 )/2 . The derived eigenvalues and eigenvectors at each voxel were then used to calculate FA. The FA mainly reflects whether the diffusion is anisotropic, by being closer to the maximum value of 1, or isotropic, by being closer to minimum value of 0.
For each subject, the ROI was defined and analysis performed, with a customized script written in MATLAB (Mathworks, Natick, Massachusetts). Mean and SD of FA, ADC (mean diffusivity, which is an average of three principal ADC directions), 1 , and T measures were obtained in ROIs defined within the genu and splenium of the callosal WM as described earlier.
The defined ROIs were eroded (reduced in size) by one voxel around the perimeter of the ROI to help insure that the ROI contained only WM regions and no regions of WM-GM transition. Before the mean and SD calculations, the center of gravity and the boundaries of each segmented FSE brain image and corresponding DTI map were matched to maximize their registration. The FSE image and DTI map features were aligned to within 1.875 mm (or two voxels in FSE map), and it was judged that no additional processing to further align the images and maps was required (Figure 2 ).
Results
Imaging
The MA abusers exhibited lower mean FA in the genu (641.8) compared with control subjects (673.9). However, after Bonferroni corrections for multiple comparisons were employed, FA differences between the MA abusers and control subjects in the genu were only trend significant (p ϭ .09). Group differences in FA within the splenium did not reach statistical significance (p ϭ .88). No group differences were observed in ADC (genu: p ϭ .37; splenium: p ϭ .84), 1 (genu: p ϭ .94; splenium: p ϭ .93), or T (genu: p ϭ .25; splenium: p ϭ .91). Correlational analyses were carried out to examine the relationship between mean DTI indices across callosal regions (genu vs. splenium) separately in the MA abusers and control subjects. No significant correlations 
Behavioral Analysis
Stroop Attention Test. Mean reaction times (RTs) for correct responses for every condition were computed for each subject. Median analyses were also conducted for comparison. Analysis of variance (ANOVA) for repeated measures was used to analyze the data in a 2 ϫ 3 mixed ANOVA with group as a betweensubjects factor (patients vs. control subjects) and wordtype (incongruent vs. congruent vs. neutral) as a within-subjects variable. Further analyses were conducted to examine the effect of error responses (Table 2) .
RT Analyses
Mean 
Error Analyses
Analyses revealed a main effect of wordtype [F (2,104) ϭ 51.69, p Ͻ .0001]. All groups made significantly more errors in the incongruent condition (14%) than in either the neutral condition (2%) or the congruent condition (1%). No other effects were significant. Analyses revealed no evidence of a speed versus accuracy trade-off in the MA abusers or the control subjects. In fact there was a positive correlation between RTs and errors (MA: r ϭ .14, p ϭ .41; control subjects: r ϭ .31, p ϭ .27).
Correlations Between DTI Indices and Behavioral Measures
Pearson correlations were used to examine the relationship between DTI indices (FA and ADC). Analyses revealed that longer RTs in the Stroop task (i.e., greater interference) correlated with lower FA within the genu of the corpus callosum (r ϭ .369; p ϭ .04, corrected, Bonferroni method) but not in the splenium (r ϭ .20; p ϭ .17). Although the correlation was significant only in the genu, a statistical test of the difference between the slopes did not reach significance (p ϭ .155). A multiple regression analysis with the Stroop Interference as a dependent variable and genu and splenium FA as predictors Although no gender differences emerged in ADC within the genu (p ϭ .15), there was a significant gender effect within the splenium (p ϭ .003), with the male MA abusers exhibiting greater ADC compared with the female MA abusers. Furthermore, the male MA abusers exhibited greater 1 (p ϭ .01) eigenvalues compared with the female MA abusers within the splenium. No gender differences were observed among the control subjects on any of the DTI indices.
Discussion
The key finding in the current study is that our cognitive measure (i.e., Stroop interference) correlated with FA in the genu and not the splenium of the MA abusers. Data from the current study are consistent with a recent DTI study conducted in abstinent MA abusers (5), in which lower FA within frontal regions correlated with worse performance on the Wisconsin Card Sorting Test, a task of frontal executive function. A pair of recent DTI studies of cocaine abusers reported similar findings in that they observed significant correlations between FA in anterior white matter and measures of impulsivity (48, 49) and suggest that the findings are applicable to a broader population of stimulant abusers (48, 50) . Furthermore, PET studies of MA abusers have also reported correlations between measures of attention and the ACC (51) . Although FA group differences within the genu were only trend significant, correlational findings between genu FA and our behavioral measure in the MA abusers suggest that disruption of neural function in the rostral ACC and adjacent WM produces a disruption in the pathways that are involved in behavioral regulation.
One possible reason for this correlation with anterior structures is the connectivity pattern of the genu itself. The fibers that cross through the genu connect right and left regions of the dorsolateral prefrontal cortex, an area with strong interconnections to the ACC-both regions are thought to mediate top-down cognitive control (52) . Another possibility for the correlation with the genu might be that axons within the genu are usually thinner in diameter and less myelinated than those in the splenium and thus might be more susceptible to damage after long-term drug abuse (53, 54) . In contrast, the fibers that cross through the splenium connect regions within visual association areas (55) , regions that are certainly involved in the execution of any visual selection task but might not be recruited heavily by demanding tasks of behavioral control, such as the Stroop task.
Findings of reduced anisotropy might occur as a result of demyelination as well as from axonal damage (56) . In the current study group differences in genu FA only reached a statistical trend, and no group differences in FA were observed within the splenium. Morphological studies of animals who have been exposed to MA strongly indicate that abnormally low presynaptic dopamine and serotonin axonal markers are related to overt destruction of dopamine and serotonin axon terminals as well as the axon proper, typically sparing the nerve cell bodies (12, 13) . Although the exact mechanism of MA damage to axonal fibers is unknown, there is abundant evidence from animal studies that MA exposure causes both acute disintegration and more chronic fragmentation in the WM fibers of frontal, parietal, and temporal cortices as well as in the hippocampus and cingulum bundle (57) .
Although no gender differences emerged on the DTI indices within the genu of the callosal region, differences did emerge within the splenium. Male MA abusers exhibited greater ADC and 1 eigenvalues . These group differences do not seem to be a result of drug use patterns, because the male and female MA abusers in this study did not differ in years of MA abuse, length of drug abstinence, or age at first use. They also did not differ in years of education, estimates of premorbid IQ (e.g., NART score), or Stroop interference scores. These findings are challenging to interpret from a functional perspective, because the behavioral measure did not correlate with DTI indices within the splenium. Further studies are needed to examine gender differences in WM microstructure.
The lack of aging effects in the current study differs from previous DTI studies in which aging effects on WM structure are reported (20, 58, 59) . One reason for this discrepancy might be the limited age range of the subjects in the current study (19 -51 years of age) compared with other aging studies of WM change, which often span 60 years (20, 58) .
Limitations
One limitation of the current study is the possibility of pre-existing abnormalities in the MA abusers. To minimize the possibility that group differences were due to this, we excluded those abusers who had pre-existing non-drug-related Axis I disorders. Because IQ measures have also been shown to be related to DTI measures (60) , it is also possible that group differences in NART scores might have been a contributing factor to the FA differences between the groups. However, a post hoc regression analysis revealed that when Stroop Interference was employed as the dependent variable and FA genu and NART as Comorbid substance use is another factor that could influence the results. To minimize the effects of comorbid substance abuse, we studied subjects whose primary drug of choice was MA and whose dependence of other substances was Ͼ 5 years before the time of this study. However, given the high percentage of MA abusers who also abuse cannabis combined with reports of altered brain function associated with cannabis abuse (61), we conducted post hoc analyses on those MA dependent subjects who met DSM-IV lifetime criteria for past cannabis abuse (n ϭ 20) compared with those who did not (n ϭ 17). No group differences were observed in DTI indices or cognitive performance. Another limitation of the current study is that a high percentage of our MA subjects were smokers (81%). Because nicotine consumption has been shown to impact both neurochemical concentrations, we conducted post hoc analyses on those MA abusers who were smokers versus MA abusers who were nonsmokers (62) (63) (64) . The results showed no group differences in FA (p ϭ .94); however, the percentage of nonsmokers was small (19%). Finally, although recent DTI studies have employed more than six directions, a large number of published studies have applied diffusion gradients in six non-collinear directions, as we did (18, 19, 21, 32, 44, 46, 47, (65) (66) (67) (68) (69) (70) . Thus the approach used in the current study shares a consistent and established methodology within the DTI literature.
Conclusions
Addiction is hypothesized to be caused by long-lasting changes in the brain that seem to compromise decision-making processes by limiting the cognitive control necessary to inhibit the maladaptive choices (i.e., drug-seeking behavior) (37, (71) (72) (73) (74) . The specific findings from this study that link abnormalities in WM microstructure (i.e., genu of the corpus callosum) with deficits on tasks that measure cognitive control and conflict resolution are consistent with this hypothesis. In making any decision, an individual is usually confronted with many alternatives, choices that can generate response conflict. It might be that disruptions in WM integrity contribute to maladaptive decision making. Although most individuals resolve conflict through decisions that result in positive outcomes, a disturbing feature of substance abusers is that they make decisions that are often associated with negative outcomes (75 
